Alterations in error processing are implicated in a range of DSM-defined psychiatric disorders. For instance, obsessive-compulsive disorder (OCD) and generalised anxiety disorder show enhanced electrophysiological responses to errors -i.e. errorrelated negativity (ERN) -while others like schizophrenia have an attenuated ERN.
Introduction
Errors are a critically important information source. They allow us to monitor and continually adapt performance to changes in the environment, to slowly and incrementally improve skills, and to avoid large mistakes by having smaller ones attended to. Without this capacity, we might find ourselves repeating unproductive or damaging behaviours. Conversely, a hypersensitive error detection system might keep us from trying new things, from getting out of our comfort zone and experiencing the learning that comes from failure. Since the early nineties, the mainstay of error monitoring research has been the unique neural response to the commission of errors-the error-related negativity (ERN), a negative deflection of the event-related potential that peaks approximately 50-100ms after an error response 1, 2 .
Fundamentally, the ERN represents a well-validated and reliable neurophysiological index of error processing 3 with the anterior cingulate cortex posited to be its neural generator [4] [5] [6] .
In psychiatry, various major daily-life problems faced by patients are thought to be attributed to impairments in error monitoring 7 , and indeed since the characterisation of the ERN, alterations in the waveform have been implicated in a range of psychiatric disorders 8,9 . In clinical populations, studies have observed diminished ERNs in schizophrenia [10] [11] [12] [13] [14] , bipolar disorder 14, 15 and substance use disorder 16, 17 , while enhanced ERN amplitudes are consistently seen in obsessive-compulsive disorder (OCD) [18] [19] [20] [21] [22] , social anxiety disorder 18 and generalised anxiety disorder [22] [23] [24] [25] . Though the precise functional role of the ERN is still highly debated [26] [27] [28] [29] [30] , there are several interpretations of the various ERN abnormalities observed in psychopathology. For diminished ERNs associated with bipolar disorder and schizophrenia, the phenomenon is hypothesised to reflect internal response monitoring deficits posited to underlie the generation of positive schizophrenia symptoms 31, 32 . As for disorders with enhanced ERN amplitudes (i.e. OCD, social anxiety and generalised anxiety), an obvious commonality amongst these disorders is that they are fundamentally characterised by high levels of anxiety. Here, the enhanced ERN is thought to reflect an increased sensitivity to errors 33, 34 which may be experienced as highly distressing [35] [36] [37] in anxiety. This is supported by a body of evidence showing exaggerated physiological changes associated with anxiety (e.g. enhanced startle reflex 35, 38 , heart rate deceleration 39, 40 and skin conductance changes 39, 40 ) are linked to larger ERNs. Given that ERN amplitude shifts are so pervasive in psychiatry, it has been suggested and recognised by the Research Domain Criteria Initiative (RDoC) 41 that these reflections of altered error processing may be a transdiagnostic phenomenon 8, 9, 42 that holds potential as a biomarker of mental health.
In recent years, meta-analyses have proposed phenotypes beyond Diagnostic and Statistical Manual of Mental Disorders (DSM) categories that may underlie alterations in ERN amplitude and explain their ubiquity across psychiatric groups. Particularly for the enhanced ERN, anxious apprehension 43 or uncertainty 44 are key candidates, supported by studies in non-clinical samples demonstrating that increased levels of worry [45] [46] [47] and threat sensitivity 48 are associated with larger ERNs. That said, grouplevel effects in OCD patients tend to be more robust than in generalised anxiety disorder 21 , with a recent meta-analysis positing a higher effect size for OCD than anxiety 49 . Additionally, a study suggested stronger links to OC symptoms than anxiety in children 50 . As only a few studies have attempted to disentangle (and control for) intercorrelated symptoms within individuals in the same sample, and even fewer have done this in a sample of sufficient size, it remains to be seen if enhancements in the ERN confer risk for anxiety, compulsive symptoms or both.
To test this, we used a dimensional approach whereby we measured co-occurring symptoms of a range of disorders within the same individuals and tested for associations with the ERN in their original form, as well as after they had been reduced to three dimensions-anxious-depression (AD), compulsive behaviour and intrusive thought (CIT) and social withdrawal (SW) 51 . Using this method, we previously showed that a transdiagnostic compulsive dimension maps onto deficits in goal-directed control better than OCD symptoms 51 ; a finding that has since been replicated 52 . We also showed that this method can reveal associations that are hidden by categorical disorder groupings. For example, AD is linked to reduced confidence, while individuals high on the spectrum of CIT have elevated confidence 53, 54 . This finding explains why group level effects in OCD (where patients have high levels of both CIT and AD) have not revealed confidence abnormalities 55, 56 .
Following this methodology, we characterised participants in terms of a broad range of psychopathology (9 questionnaires in total) that have almost all been linked to the ERN in prior work; alcohol addiction, apathy, depression, eating disorders, impulsivity, OCD, schizotypy, social anxiety and trait anxiety. We hypothesised that an enhanced ERN would be associated with OCD, social anxiety and trait anxiety, but that this would be explained by a psychiatric dimension encapsulating high levels of anxiety: AD.
While we expected OCD symptom severity to correlate with the ERN, we anticipated that the CIT dimension would not show an association as prior work has shown diminished ERN in addiction and schizophrenia (see review 9 ), both of which are strong contributors to the CIT dimension.
We related ERN amplitude to self-report psychiatric symptoms from 195 participants who completed the arrow-version of the Eriksen Flanker task 57 . Contrary to our hypothesis, we found that none of the psychiatric symptoms nor the transdiagnostic dimensions were significantly associated to alterations in ERN amplitude. To contextualise the absence of ERN affects in the present sample (i.e. effect size), we report results from an additional cognitive task relating goal-directed learning 58 to dimensional phenotypes. Here, we did find evidence for an association; replicating prior work 51 showing that goal-directed learning was related to the CIT dimension.
Results
Participants (N = 195) from a majority student sample completed an arrow-version of the Flanker task, a short IQ evaluation and a battery of self-report questionnaires assessing a range of psychiatric symptoms (see Methods). Individual item-level responses on these questionnaires were transformed into scores for three transdiagnostic dimensions using weights defined in a prior study 51 ; anxiousdepression (AD), compulsive behaviours and intrusive thought' (CIT) and social withdrawal (SW).
Behavioural results. Across participants, mean error rates ranged from 1.97% to 37.99% (mean (M) = 11.28%, standard deviation (SD) = 7.21%) and mean response times (RT) ranged from 137.91ms to 472.55ms (M = 275.28ms, SD = 65.44ms). We Psychiatric symptoms and transdiagnostic dimensions. We tested if ERN amplitudes were associated to the self-reported symptom scores, including error rate as a control co-variate (β = 0.51, SE = 0.18, p < 0.005) as it has previously been shown to influence ERN amplitudes 59 . In contrast to our hypothesis, none of the psychiatric questionnaires showed a significant relationship to ERN amplitude (all p > 0.13, where p < 0.005 is the corrected significance threshold) ( Figure 2A and Table 1 ). We Figure 2A and Table 1 ).
Figure 2. No association between ERN amplitude and self-reported psychopathology. (A) Associations between ERN amplitude with questionnaire total scores or transdiagnostic dimension scores (anxious-depression (AD), compulsive behaviour
and intrusive thought (CIT) and social withdrawal (SW)), controlled for error rate. we compared a group of participants who met the criteria for any anxiety disorder (i.e. agoraphobia, panic disorder, GAD, OCD or SAD) with a matched group (by age, gender and IQ) of healthy controls who did not meet criteria for any disorder. Contrary to our hypothesis, we observed no significant difference in ERN amplitude between the anxiety disorder group (mean = -2.67μV, SD = 1.83μV) and healthy controls (mean = -3.56μV, SD = 3.74μV) (Wilcoxon rank-sum test: z = 0.32, p = 0.75, Figure 2B ).
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Goal-directed control and compulsivity.
For comparison purposes, we also assessed goal-directed learning in the same sample using the two-step reinforcement learning task 58 . Split half-reliability was r = 0.76 for this measure. In prior work, the CIT dimension was associated with reduced goal-directed learning 51 . We replicated this finding (β = -0.07, SE = 0.04, p < 0.05) (Figure 3 ), suggesting that the psychiatric scores obtained from this general population sample were valid and providing a comparator for interpreting the effect size of ERN trends in the present work. 
*
Discussion
In the present paper we investigated if ERN abnormalities commonly observed in a range of psychiatric disorders could be explained by a transdiagnostic dimension characterised by high levels of anxious-depression (AD). Fundamental to this was the replication of existing associations of ERN amplitude shifts with the clinical phenotypes such as OCD and trait anxiety, but to our surprise we found no associations of any symptoms with the ERN. Reformulating questionnaires into transdiagnostic dimensions did not improve signal. Further, we tested if individuals with and without a DSM anxiety disorder diagnosis would show differences and again we found no effect.
Our findings do not provide support for the view that a dimensional relationship exists between the ERN and the spectra of psychopathology tested, nor did we find differences based on diagnostic status.
We considered several possible explanations for the data. First, that the range of psychopathology sampled was insufficiently high to detect associations with the ERN.
We intentionally enriched our sample by including 8 patients from a local anxiety clinic (who were starting group therapy) to protect against this possibility. This was not necessary; the rest of the sample exhibited high rates of psychopathology (Supplemental Figure S3) , consistent with the documented characteristics of university students [61] [62] [63] . Excluding the 8 patients recruited from an anxiety disorder clinic, 41.98% of the sample met criteria for at least one disorder when assessed with a standard psychiatric interview (M.I.N.I., see Methods). In terms of the range of selfreport symptoms, 25.13% (N = 47) scored of ≥21 on the OCI-R and 54.01% (N = 101) scored of >41 on the STAI, the standard clinical threshold for OCD and anxiety for the respective instruments 64, 65 .
Second, we ensured that our data, both self-report and electrophysiological were valid.
Perhaps the strongest evidence for the former is our ability to replicate the specific association between CIT scores and goal-directed planning 51 . In terms of the ERN itself, we were able to reproduce all of the expected behavioural and electrophysiological patterns this task is expected to elicit (Supplemental Figure S1 and S2), suggesting that there were no issues with data quality. In terms of statistical power, our study has one of the highest sample numbers (N = 195) investigating the ERN in psychiatry. Despite the ERN's link to psychiatry for two decades 8, 9, 66, 67 , there are only five studies with total N > 150 to date 23, 42, [68] [69] [70] . Notwithstanding, the simplest explanation for these data is that ERN associations with psychopathology may be smaller than previously assumed. Indeed recent reviews hint at this: a meta-analysis noted that overall effect sizes for anxiety and OCD traits for enhanced ERN were relatively small 49 and another that assessed the effect size of ERN amplitude shifts in OCD related work 66 noted that larger effect sizes were associated with smaller sample publications, suggesting publication bias. Our data suggest that in order to have 90% power to detect an association between OCD symptoms and the ERN in a future study, a sample size of N = 353 is required. For trait anxiety, the direction of the extremely small effect (p = 0.94) went in the opposite direction to the published literature.
Contextualising these data with the broader literature, ERN abnormalities may be more sensitive to the categorical comparison of patients versus controls than dimensional variation in the general population. Several OCD patient studies that have not found any correlation with symptom severity and ERN amplitude within patient groups 20, 66, [71] [72] [73] . The ERN remains elevated in OCD despite successful treatment [74] [75] [76] and elevations are also observed in unaffected first-degree relatives of patients 70, 71 .
As such, the ERN has been couched a psychiatric vulnerability endophenotype 66 .
Notwithstanding, it remains puzzling why our individual differences approach would not pick up trait effects along the continuum of scores, regardless of the subtleties of state-based fluctuations.
This year, several authors have highlighted the potential for a transdiagnostic framework at reconciling the broad range of ERN patterns in the literature 9, 49, 66 . The present paper is timely, being the first study to apply an expansive and empirically robust transdiagnostic approach that directly addresses the issue of co-occurring symptoms in a large sample. To our surprise, we were unable to replicate previously observed associations with various aspects of mental health and a transdiagnostic approach to quantifying mental health in the sample did nothing to remedy that. Future research in this area might agree that larger samples than previously assumed are needed to delineate robust associations in general population samples.
Methods
Power estimation. An appropriate sample size was determined based on a previous study that reported an association of OCI-R scores and enhanced ERN amplitude (R 2 = 0.10, p = 0.06) 77 , an effect size suggesting that N = 82 participants were required to achieve 90% power at 0.05 significance.
Participants. The majority of participants were recruited from the general public through university channels via flyers and online advertisements, and a small number were patients from St. Patrick's Mental Health hospital. We included these patients to enrich our sample for self-report mental health symptoms. They were all ≥18 years Procedure. Before arriving to the lab for testing, participants navigated a webpage to provide consent, basic demographic data (age, gender), list any medications they were currently taking for a mental health issue (if so, to indicate the name, dosage and duration) and complete a set of 9 self-report psychiatric questionnaires. For a subset of the participants (N = 110, 47%), they completed a short psychiatric interview inperson on the day of testing (Mini International Neuropsychiatric Interview; M.I.N.I.) 78 .
During the experimental EEG session, participants completed two tasks: the modified Eriksen flanker task 57 and the two-step reinforcement learning task 58 . The latter task will be analysed and published separately and so the methods are not described in detail, however we report one basic behavioural result from this task to contextualise our ERN results. Once participants completed both tasks, they completed a short IQ evaluation before being debriefed and compensated for their time. which was introduced part-way through the study. Overall, almost half of the participants (N = 42) presently met the criteria for one or more disorder. Broken down by recruitment arm, 8 (100%) from the clinical arm met criteria, while 34 (41.98%) from university channels met criteria. This rate is close to published reports on the prevalence of mental health disorders in college student samples 61, 63 . Of the total sample, 32 (16.41%) were currently medicated for a mental health issue. Broken down by recruitment arm, all individuals recruited from the clinic were medicated, while 24 (13.04%) of those recruited through normal channels were medicated. Further diagnostic information of the sample is summarised in Supplemental Table S1 . Flanker task. Participants completed an arrow-version of the Eriksen Flanker task 57 (Eriksen & Eriksen, 1974) . Each trial consisted of either congruent (<<<<< or >>>>>) or incongruent (<<><< or >><>>) arrow stimuli presented in white on a grey background of a 32 x 24 cm computer monitor. Participants were instructed to respond as quickly and accurately as possible. Flanker stimulus were presented for 200ms and they had 1050ms to respond by pressing one of two keyboard keys in order to identify the direction of the central arrow. Responses were indicated using the left ('Q') and right ('P') keys. There were a total of 480 trials split into two blocks, each with 240 stimuli (80 congruent, 160 incongruent) presented. At the end of the first block, if participants had >25% missed trials or had accuracy >90%, they were told to 'Please try to respond faster!' for the second block. If their accuracy was <75%, they were told 'Please try to respond more accurately!'. Otherwise they were told 'Great job!'.
Participants completed 30 practice trials (10 congruent; 20 incongruent) of a slower version of the task prior to the beginning of the experimental task (stimulus presentation: 400ms, response time: 1000ms).
Behavioural data pre-processing. Missed trials were excluded from analysis. A total of 2168 trials (2.05%) were removed (per participant mean = 11.12 (2.32%) trials).
EEG recording & pre-processing. Scalp voltage was measured using 128 electrodes in a stretch-lycra cap (BioSemi). Two EOG electrodes placed above and below the left eye were also recorded. EEG signals were sampled at 512 Hz. EEG data were processed offline using EEGLab 79 in MATLAB R2018a (The MathWorks, Natick, MA). Data were downsampled to 250 Hz and high-pass filtered at 0.5 Hz. Line noise was removed with CleanLine (Mullen, 2012) at frequencies 50, 100, 150, 200 and 250 Hz. Bad channels and continuous data were corrected using Artifact Subspace Reconstruction (ASR) 80 . Correction parameters were set as follows:
maximum tolerated flat line duration was 5s, minimum channel correlation was 85%, line noise criterion was 4 SD on total channel population, burst criterion was 10 SD, and window criterion was 0.25 of contaminated channels. All removed channels were interpolated, and the data was re-referenced to the average. ICA was run with runica, pca option on. Ocular and other non-EEG artefacts were rejected automatically with MARA 81 , an EEGLab toolbox plug-in.
Response-locked ERPs. For quantifying error-related negativity (ERN)
characteristics, data were epoched as error trials from -400ms to 500ms, baseline adjusted using a -400ms to -200ms pre-response window, and then re-referenced to the average. ERN amplitudes were measured at electrode FCz with the adaptive mean method; the largest negative peak was identified for each participant by searching for the largest preceding negativity within -20ms to 120ms post-response, and the amplitude 40ms before and after the peak was extracted and averaged within-subject.
Other ERN measures were also obtained (e.g. non-adaptive mean, minimum amplitude, trough to peak, ERN-correct-related negativity (CRN), average activity over electrodes C22, C23 (FCz), C24 and D2) (see Supplement).
Self-report psychiatric questionnaires & IQ.
Participants completed self-report questionnaires assessing: alcohol addiction using the Alcohol Use Disorder Identification Test (AUDIT) 82 , apathy using the Apathy Evaluation Scale (AES) 83 , depression using the Self-Rating Depression Scale (SDS) 84 , eating disorders using the Eating Attitudes Test (EAT-26) 85 , impulsivity using the Barratt Impulsivity Scale (BIS-11) 86 , obsessive-compulsive disorder (OCD) using the Obsessive-Compulsive Inventory -Revised (OCI-R) 65 , schizotypy scores using the Short Scales for Measuring Schizotypy (SSMS) 87 , social anxiety using the Liebowitz Social Anxiety Scale (LSAS) 88 and trait anxiety using the trait portion of the State-Trait Anxiety Inventory (STAI) 89 .
These self-report assessments were fully randomized within the psychiatric assessment component of the procedure and were chosen specifically to enable transdiagnostic analysis with psychiatric dimensions described in prior work 51, 53 . A proxy for IQ was also collected using the International Cognitive Ability Resource (I-CAR) 90 sample test which includes 4 item types of three-dimensional rotation, letter and number series, matrix reasoning and verbal reasoning (16 items total). For the transdiagnostic analysis, we included all three factors in the same model, as correlation across variables was lessened in this formulation and thus more interpretable (only 3 moderately correlated variables r = 0.33 to 0.40, instead of 9 that ranged from r = -0.06 to 0.76). We replaced QuestionnaireScore in the equation described previously with the three psychiatric dimensions scores (AD, CIT, SW; all zscored) entered as predictors. The model was: ERN ~ Error Rate + AD + CIT + SW.
Disorder diagnosis comparison.
To test if ERN amplitude shifts were present between participants that met the criteria for any anxiety-type disorder (i.e. panic disorder, agoraphobia, social anxiety disorder, generalised anxiety disorder or OCD;
see Supplemental Table S1 ) regardless of co-morbidity (N = 29) versus those did not meet criteria for any disorder, including past diagnoses (N = 45; a proxy for "healthy control"), we matched participants across the groups by age, gender and IQ with the R package MatchIt. Unpaired Wilcoxon rank-sum test was performed between the anxiety disorder group and healthy controls.
Goal-directed learning. Participants also completed a reinforcement learning task 58 that enabled individual estimations of goal-directed learning, which has previously been shown to be deficient in high compulsive individuals 51 . Briefly, the task consisted of two stages; in the first stage, participants had to choose between two items that had different probabilities of transitioning (rare: 30% or common: 70%) to one of two possible second stages. In the second stage, participants again had to choose between another two items which were associated with a distinct probability of being rewarded that drifted over time. Individuals performing goal-directed learning ('modelbased' learner) would make decisions based on the history of rewards and the transition structure of the task, as opposed to individuals who disregarded the transition structure and made decisions solely on the history of rewards ('model-free' learner). To quantify goal-directed learning, we implemented a logistic regression model testing if participants' choice behaviour was influenced by the reward, transition, and their interaction, of the previous trial, controlled for age, gender and IQ. We then tested the relationship of psychiatric dimensions with goal-directed learning by including the three factors (AD, CIT, SW) into the basic model as z-scored predictors.
See Supplemental Methods for details of the regression equations.
The code and data to reproduce the ERN analyses of the paper are freely available at https://osf.io/vjda6/.
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